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ABSTRACT
During this program four types of cathodes were tested to ascertain
and improve, if possible, the current densities and life expectancies of
various types of alkaline earth oxide electron emitters at reduced tem-
peratures. The four cathode types tested were evaporated barium oxide,
sputtered triple carbonate, triple carbonate-photoresist, and conventional
triple carbonate sprayed cathodes. A total of 35 test diodes were assem-
bled, ;rocessed, and tested, of which the largest number incorporated
triple carbonate-photoresist cathodes.
Schottky. data were taken on the diodes following activation of the
cathodes and again near the termination of the program. A tabulation of
Richardson constants and thermionic work function values shows the changes
that occurred in the emission characteristics following life testing or
accumulated shelf life.
It has been demonstrated that the process for preparing triple car-
bonate-photoresist cathodes is repeatable and that zero-field, temperature-
limited current densities of 750 milliamperes per square centimeter can
be obtained at operating temperatures of 600 9C. This is a factor of 3
better than the typical emission obtained from commercially sprayed cath-
odes operating at the same temperature. DC life tests on these cathodes
are limited to the dat,hi 7-obtained during the final  quarter of the program.
A model based upon a recently published article by Zalm explains the ac,,-
tivation  process of the TC-PR cathodes. It appears that the carbon resi-
due from the photoresist reduces the BaO to produce free Ba, which is
required to produce the surface doping proposed by Ulm.
Although evaporated BaO cathodes appeared to be promising at the
outset of "the program, they did not perform as well as the commercially
sprayed triple carbonate cathodes. Some sputtered triple carbonate cath-
odes were made which had higher emission densities than sprayed cathodes,
but reproducibility was poor and their performance deteriorated with time.
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More work remains to be done to develop the sputtering operation into a
reliable process for preparing cathodes.
Emission levels an order or magnitude higher than those of the com-
mercially sprayed cathodes were obtained from three cathodes sprayed with
a solution of triple carbonate which appeared to be doped with aluminum.
More work should be done to confirm and, explain the operation of these
cathodes.
A succeeding phase to this investigation is being considered in
which a promising application of low-temperature emitters would be de-
veloped for aerospace requirements. This application involves integrated
vacuum circuits which are being studied concurrently in other programs.
iii
PREFACE
This project was established by the National Aeronautics and Space
Administration, Electronics Research Center, Cambridge, Massachusetts,
on February 8, 1968. The contract monitor for the first half of the
project was Dr. John Hopkins and for the second half, Mr. Andre Garfein.
The program is under the supervision of Donovan V. Geppert. Other pro-
fessional personnel contributing to the program are Burnell V. Dore and
Robert A. Mueller. Laboratory work is being performed by David M. Mur-
dock, George Craig, and David Dionne.
.
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1I	 INTRODUCTION - OBJECTIVE
Contrary to the impression created by the manufacturers of solid
state hardware, the competition between solid state electron devices and
vacuum devices has not been resolved. This is due in part to the fact
that many operations such as those involving high frequency and high
power can be performed only, or at least better, in a vacuum device.
The limitations ox solid state devices and circuits in high temperature
and high radiation ambients are well known.
Since many vacuum devices utilize thermionic emission, there is a
continuous quest for improved emitters. The improvements usually sought
are better efficiency and longer life without impairing the operation of
the devise., An emitter operating at temperatures lower than normal
(N 10000K or , 7500C) is more efficient in terms of power consumption
and has increased life expenctancy because the cathode material is being
evaporated at a slower rate.
This program has been concerned with the development and evaluation
of emitters that operate at temperatures in the vicinity of 600 0C. The
experimental work has involved measurements on evaporated BaO cathodes,
RF sputtered cathodes, sprayed triple carbonate cathodes, and triple car-
bonate-photoresist cathodes. The work during the latter half of the pro-
gram concentrated on the triple carbonate-photoresist cathode b,-'cause of
its superior qualities, including the capability of delineating emitting
areas by photolithographic techniques.
The specific objectives of this program were
1. To ascertain the current densities and life expectancies of
various types of alkaline earth oxide electron emitters at
reduced temperatures.
2. To improve the current densities and life wherever possible
at the reduced temperatures.
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In achieving these objectives, special attention was paid to both
the materials used in the complete tube, including cathode substrata as
well as the cathode material itsell, and the exact processing of the tube
used to Achieve cathode activation.
2
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11	 TECHNICAL DISCUSSION
A,	 Introduction
Your techniques were used for preparing thermionic emittors in this
program
1. Evaporation of barium oxide.
2. Sputtering of triple carbonate.
S.	 Triple carbonate-photoresist process.
4.	 Conventional triple carbonate spray process.
The evaporated barium oxide process was developed in a prior program and
was not used extensively in this investigation. The sputtering process
was tried for the first time in this program, and although the results
were promising, there were some problems with reprod'wcibility. The triple
carbonate-photoresist process was the most successful technique in terms
of reproducibility, life, and emission characteristics at reduced tempera-
tures. The conventional spray process was used to check on the quality
of new supplies of triple carbonates and provided useful criteria in
evaluating the other processes. Other- techniques considered in the first
quarter of the program included a barium ethoxide process and the use of
other compounds of barium from which the oxide is derived. These are de-
scribed in Quarterly Report No. 1 1
 but no ^,—Mlo?rilimn. t s were performed.
A total of 35 test diodes of the type shown in Fig. 1 were assembled,
processed, and tested. Four had evaporated BaO cathodes, 12 had sputtered
cathodes, 16 used the triple carbonate-photoresist cathode, and three
diodes were made with conventional triple carbonate sprayed cathodes.
Schottky data were taken on most of the diodes and Richardson plots were
made. A nomograph was prepared to facilitate the calculation of the therm-
ionic work function, co, and the Richardson constant, A, (see Appendix A).
3
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TEST DIODE
An estimate of the uncertainty-of these measurements has been made,
based upon results obtained from repeated measurements on the same diode.
In general, the uncertainty in determining the work function CP is ± 0.02 eV.
This variation can be attributed to a number of factors, including the fol-
lowing. (a) Difficulty in determining} the actual temperature of the emit-
ting surface. This difficulty in turn can be attributed to variations in
the emissivity of the surface being measured with the Infrascope. (b) Prob-
lems in obtaining good Schottky data at higher emission temperatures.
(c) Interpreting the Schottky data in making a Richardson plot. When all
points do not lie on a single straight line the uncertainty in determining
cP is considerably increased, depending upon which points are chosen for
the straight line approximation.
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The accuracy in determining the Richardson constant A can be related
to the variation in ep, since A is usually calculated after cp is obtained.
In Table I the maximum possible variation in A is listed for a range in
values of cp f . .i 1.0 to 1.3 eV. A 2-percent variation in the value of
the work function in the vicinity of 1.0 eV corresponds to a maximum vari-
ation of 15 percent in the value of the Richardson constant.
Table I
ACCURACY OF EMISSION CONSTANT MEASUREMENTS
Range of cp Lxp A Max. 6A/A
(eV) (eV) (amps/cm 2/aK2) (amps/cm2/oK2)
1.0 - 1.1 ±0.02 1 ±0.15
1,,1 -	 1.2 ±0.02 1 ±0.125
1.2'-	 1.3 ,, 0.02 1 ±0.10
B.	 Measurement Results
Figure 2 contains the Richardson plots of six diodes with different
types of cathodes. The first five diodes, numbers 106, 123, 132, 140,
and 147, are listed in Table II and the plots were made from the data
taken in the final measurements. Diode 174 contained three cathodes
which were sprayed with triple carbonate by RCA and was included as a
it
	 for evaluating the other catl^odes.
To determine the effect of prolonged operation and shelf life, mea-
surements of y and A were repeated,o.n a number of diodes having cathodes
prepared by each of the four techniques listed previously. The results
of the initial and the final measurements on these diodes are compared
in Table II.
5
10 
.5
132
N0.	 TYPE	 amps/cm2/0K2)	 (eV)
147
132	 SPRAYED TC	 4.2	 1,07
("doped")
147	 TC -- PR
	
2.0	 1.08
123
(spun)
X174
123	 TC —PR	 3.3	 1.15
(d 1 pped )
174	 SPRAYED TC	 1.0
	 1.12
(RCA) 106
106	 EVAP, Bo 0	 0.45	 1,15 140
140	 SPUTTERED	 5,2	 1,33
I TC
I06
10
-T
IOe
200
TA-7147-27
(j-
 
14
1000	 800
1012
101c
10 11
109
J
Tz
101°
600	 500	 400	 300
TEMPERATURE	 °C
FIGURE 2 RICHARDSON PLOTS OF TYPICAL DIODES
6
1
Table II
MEASUREMENTS OF EMISSION CHARACTERISTICS
Diode
No.
Type of
Cathode
Initial Measurements Final Measurements Change
Date A* (P** Date A* (P** AA* Ay
100 Evaporated 1./ 9/67 0.358 1.10 2/7/69 0.45 1..30 +0.092 *0.20
BaO
103 Evaporated 2 2/67 0.10 1.22 (burned out heater) -- --
BaO
104 Evaporated 2/24/67 0.54 1.27 2/7/69 3.5 1.26 +2.96 -0.01
BaO
106 Evaporated 3/28/67 0.30 1.13 2/7/69 0.45 1.15 +0.15 +0.02
BaO
123 TC-PR 4/10/68 1.05 1.124 2/6/69 3.3 1.15 +2,25 +0.026
137 Sputtered 7/11/68 0.23 1.00 2/7/69 0.28 1.30 +0.05 +0.30
TC
140 Sputtered 8/ 2/68 2.0 1.25 2/7/69 5.2 1.33 +3.2 +0.08
TC
141 Sputtered 8/ 2/68 2.0 1.22 2/7/69 1.0 1.31 -1.0 +0.09
TC
142 Sputtered 8/ 2/68 3.7 1.33 2/6/69 4.0 1.30 +0.3 -0.03
TC
147 TC-PR 9/19/68 0.4 1.12 26`69 2.0 1.08 +1.6 -0.04
159 TC-PR 11/ 8/68 5.0 1.18 2/6/69 1.0 1.11
-4.00 -0.07
132 Sprayed 6/17/68 (no Richard- 2/7/69 4.2 1.07 -- --
TC son data)
amps/cm 2 /OK 2
eV
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Results obtained on six triple carbonate-photoresist cathodes during
the last quarter of the program are listed in Table III,
Table III
EMISSION CHARACTERISTICS OF TRIPLE
CARBONATE-PHOTORESIST CATHODES
Diode
No.
Description
Thermionic
Work
Function
(eV)
Richardson
Constant 
(amps/cm2/0K2)
159 72% triple carbonate prepared in 1.18 5.0
same batch with 147; low-
temperature activation
162 prepared in same batch with 1.01 0.3
147 and 159; low-temperature
activation
163 same TC-PR mixture as previous 1.24 1.3
cathodes; applied with new
spinner; cathode heated to
approximately 8500C during
processing
164 same TC-PR mixture as previous 1.08 0.3
cathodes; applied with new
spinner; low-temperature
activation
165 new TC-PR mixture (60% TC); 1.06 0.6
applied with new spinner; low-
temperature activation
172 new TC-PR mixture (60% TC); 1.14 2.7
applied with new spinner; low-
temperature activation
8
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The progress of life tests oil various diodes has been reported
throughout the program. Tho results of those tests are summarized in
Table IV. These results will be discussed in the following section as
each type of cathode is considered.
Table IV
LIFE TEST RESULTS
Diode
No.
Type of Cathode
Cathode
Temp.
Current Density
2(milliamps/cm )
Life
Test
Time Remarks
Initial Final
( oC) (hours)
100 Evaporated BaO 600 12.5 5.0 13,600 3600 ',;ours at
25 x 10-3
amps/cm2 at
higher anode
voltage
106 Evaporated BaO 410 1.0 1.0 14,350 continuing
test
123 TC-PR 600 °90 100 31240 pulsed
operation
ti 2% duty
cy^ .e
140 Sputtered TC 600 37.5 42.5 2,500
141 Sputtered TC 600 30 35 21500
142 Sputtered TC 600 80 100 2,500
147 TC-PR 600 40 36.5 2,000 continuing
test
159 TC-PR 600 37.5 30.0 2,000 continuing
test
Under current density, initial and final values are given instead
of an average value. When the tests are continuing, as with diodes 106,
147, and 159, then the final values are the present values.
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C.	 Discussion of Mcasurement Results
1.	 Evaporated Curium Oxide Cathodes
The properties of evaporated BaO cathodes were studied in a
previous program to develop improved photoemittr, rs for use in the near
infrared. 2 During the course of this investigation it was found that
evaporated BaO on cathode nickel substrates had promising thermionic
emission properties. At that time the emission at temperatures below
6000C appeared to be higher than that from sprayed triple-carbonate
cathodes. However, at temperatures above 600 0C this higher level of
performance was not sustained. The results of measurements made on four
diodes, 100, 103, 101, and 106, were described in the first quarterly
report. 1
 These diodes had evaporated BaO cathodes and were originally
made for the photoomission study. The cathodes were equipped with heat-
ers to provide necessary substrate heating during the BaO deposition.
One of these diodes (106) has been on continuous life test at 4100C
cathode temperature for a total of 14,350 hours. The test was inter-
rupted briefly to take Schottky data for the Richardson plot shown in
Fig. 2, When the values of A andep are compared with those measured
when the diode was first tested, it is apparent that there has been no
significant change in almost two years of continuous operation (see
Table 1) .
In all the diodes using evaporated BaO emitters, the BaO was
applied from sources built into the diode envelopes. Since this was not
practical for large-scale applications, a technique was investigated dur-
ing the first quarter which would have allowed the cathodes to be exposed
following the application of the oxide. This technique involved,t;he con-
version of the BaO back to BaCO 3
 by heating the oxide in a CO 2 atmosphere.
One attempt to reconvert the carbonate back to the oxide by the usual
process of heating in vacuum was not completely successful, but a suc-
cessful reconversion in a hydrogen atmosphere was carried out at only
4500C. Four diodes (119, 120, 121, and 122) were made to carry out these
10
experiments during the
evaporated BaO cathode
returned to 70;'x, of its
cathodes was performed
continuing the life to
The decision
first quarter, and it was also shown that an
could be exposed to ordinary air, repumped, and
original emission. No further work on evaporated
during the remainder of the project, apart from
sts on diodes 100 and 106.
to discontinue the research on evaporated BaO
cathodes was made when other techniques for preparing low temperature
emitters appeared to be more promising. The main difficulty with
evaporated BaO cathodes, that of incorporating a BaO source in the
vacuum envelope with the cathode, had not been overcome so the process
did not lend itself to production techniques.
It should be noted that the performance of diode 106 as shown
in Fig. 2 following 14,350 hours of life testing at 410 0C cathode
temperature, is not as good as the initial performance of diode 100
which contributed to the interest in evaporated BaO thermionic emitters.
Over a period of approximately two years the work function of the cathode
in diode 100 increased from 1.10 eV to 1.30 eV which accounts for the
decrease in emission during the life test.
11
sputtered Cathodes
I
During the second quarter of the program an RV sputtering
process for preparing cathodes was evaluated. It was found that the
sputtered triple carbonates were hard, dense, thin films which could be
removed from the sputtering apparatus, fabricated into practical devices,
and then converted into the oxide, much the same as sprayed oxide cath-
odes. It was also recognized that the thin dense films of the sputtered
cathodes would allow photofabrication and accurate delineation of areas
for certain special devices, such as integrated vacuum circuits.
A total of 12 diodes with sputtered cathodes were assembled
and tested. The results indicated that when these cathodes were properly
prepared they had very low work functions, but the A value in the Rich-
ardson equation was also very low due to the nature of the film, being
a dense thin film rather than a fluffy, porous coating, (e.g., diode 137
in Table II).
The initial low work function, however, was not maintained and
in one case climbed from a low of 1.00 eV to 1.30 eV after several months
of shelf life. Two others that were on l i fe test had an increase in work
function of almost 0.10 eV. In fact, all emission levels for sputtered
cathodes are now below those recorded for other methods of fabrication
(Fig. 2) .
Thus it may be concluded that even though the sputtered cathodes
looked promising at the outset, the inability to control all the parameters
involved in the sputtering process resulted in poor reproducibility and
instability in work function with time.
3.	 Triple Carbonate-Photoresist Cathodes
When the need for delineating emitting areas arose in the pre-
liminary work on integrated vacuum circuits, it was suggested by Richard
W. Remington, an Engineering Associate in the Central Staff at the Insti-
tute, that a mixture of photoresist and triple carbonate powder could
be used. His suggestion was based upon the process used to delineate
the phosphor dot pattern in color television tubes in which the phosphor
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powder is mixed with photoresist, A number o.'4' cathodes were dip-Coated
with a mixture of KTFR photoresist and triple carbonate powder, One of
these cathodes was tosited in diode 123 during the initiation of work
oil this project, When it was found that the low temperature emission
from these cathoacs was very promising, the process was investigated in
more detail during this program,
Six diodes were built and tested to obtain more information
about triple carbonate-photoresist Cathodes in the last quarter of this
investigation, The results of these tests are listed in Table III, and
included in the tabulation are the results obtained with diode 159 dur-
ing the third quarter. As indicated in the last monthly report, 3 the
preparation of these cathodes was accomplished entirely in our own area
in the Institute, with the recent installation of a Headway photoresist
spinner in our laboratory. Five of these diodes (163, 164 165, 166,
and 172) were made using TC-PR cathodes prepared with this equipment in
our laboratory. The last three (165, 166, and 172) used a now batch of
cathode coating material containing GMo triple carbonates and 40% photo-
resist. The low-temperature activation procedure first used with diode
159 (the temperature is never raised above 8000C) was followed in all
cases except with diode 163 which was taken up to approximately 850 0 C.
It was suggested in the last quarterly report that this low-
temperature activation may be significant because the Richardson constant
for 159 was considerably higher than those processed in the usual manner.
This is not borne,out in the results shown in Table III. The Richardson
constant values for diodes 162, 164, and 165 are an order of magnitude
lower than that of 159 and not unlike those obtained from standard acti-
vations, The work functions of all the cathodes processed at 8000C are
low, ranging from 1.01 eV to 1.14 eV, but again these values are not un-
like the values obtained previously; e.g., 1.12 eV for diode 147, which
was activated at the higher standard temperature.
On the basis of these results it appears that the low-tempera-
ture activation process does not necessarily result in higher levels of
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emission. The iact that the cathodes are as good as those made by stan-
dard techniques is still significant because a lower temperature activa-
tion sublimes less Batt and ha.
The higher level of performance of the TC-PR cathodes compared
to conventional sprayed cathodes is clearly indicated in Fig. 2. The
first cathode using this preparation was tested in diode 123 but the
material was applied by (lipping rather than by spinning, It was some
time before those results were even duplicated, but the fact thnt the
performance of most of the cathodes made in the last quarter (Table III)
exceeded that of 123 demonstrates control and repeatability for the pro-
cess,
Although life testillF of TC-PR cinthodes was limited to the
final quarter of the program, there are no indications from the data in
Table II of degradation in performance. There was a decrease in the
value of A in diode 159 but t1lis was compensated by a decrease of 0,07 eV
in the value of 0. In diode 147 the value of A increased and the work
function decreased. Diode 123 was on life test for 3,240 hours under
pulsed conditions so the results cannot be compared directly with those
under dc tes"41.10
4.	 Sprayed Triple Carbonate C,0 ,trios
During the second quarter i , f ,he program new lots of triple
carbonate were obtained from Sylvania (CIO) and from J. T. Baker (4168).
A sample from the C10 lot was ball-milled with the usual nitrocellulose
binder, cathodes were sprayed, and diodes made to check on the quality
of the carbonate. Two diodes were made with three cathodes in each one,
Diode 132 had cathodes prepared from the original lot of Baker carbonate
and the cathodes in diode 133 were coated with the new Sylvania carbon-
ate. The results obtained from both diodes were suspect when it was
found that during the ball-milling operation the aluminum foil used to
seal the jar had reacted with the mixture. Another lot of the new car-
bonate was ball-milled using a Teflon seal in place of the aluminum and
diode 134 was made using cathodes sprayed with this carbonate.
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It was difficult to obtain good Schottky (Into from those diodes
because of large cathode-collector spacings, However, it was determined
that the emission from the c.,Ahodes in 133 was poor, and this was attri-
buted to the aluminum in solution from tho ball-milling. This prompted
the change in the ball-milling procedure Cind when it was found that khe
levels 
of 
emission from the cathodes in 134 approximated those in 132,
it was concluded that there was essentially no difference in the per-
formance of the original Baiter and the new Sylvania carbonates.
Nono of these tubes were placed on life test so they accumu-
lated a shelf life of approximately 6000 hours before being tested again
near the and of,
 the program. This time it was possible to take Schottky
data by using a high-voltage power supply and operating the cathodes at
temperatures of 300, 350, 400 and 450"C. When these results were plotted
and the emission constants obtained, it was found that the cathodes in
132 were considerably
the program (Fig. 2) ,
all having all A value
The measurements were
result. Over most of
of magnitude better tj
better than anything that had been tested during
The results of the three cathodes were identical,
of 4.2 amps/cm 2 / 0 K 2 and a work function of 1.07 eV.
repeated and replotted with essentially the same
the tempera; ire range these cathodes are an order
ian the commercial cathodes in diode 174.
It was found that the mixture from which the cathodes in diode
132 had been sprayed appeared to have less aluminum in solution than in
the material used to make the cathodes for mode 133. Samples of both
solutions were analyzed for aluminum which was found ii, both cases.
There was a trace of the metal in the 132 solution and a relatively
large amount in the 133 solution.
Unfortunately diode 134 had developed a leak and was up to air,
so it was impossible to check back on cathodes made with the new carbon-
ate in the absence of aluminum. To fully explain the enhanced emission
from these cathodes, many more experiments should be performed, and it
is only possible to speculate at this time that it may be due to Al dop-
ing of the triple carbonate.
15
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5.	 Standard Cathode
To establish a basis for evaluating these sprayed cathodes and
all other types of cathodes tested in this program, a diode was made hav-
ing three sprayed triple carbonate cathodes (which were prepared by RCA).
The performance oY each of the three cathodes was identical and the re-
sult is shown in Fig, 2 as 174, with an A value of 1.0 amps/cm 2/oK2 and
a work function of 1.12 eV. These values are consistent with the perform-
ance of oxide cathodes in industry, so the plot of diode 174 in Fig. 2
can be used as a basis for assessing the performance of -the other cathodes.
D.	 Evaluation of Results
In relation to the supLrior emission properties of TC-PR cathodes
compared to conventional TC eathoues, the following three factors are
believed to be significant.
1. Very long ball-milling times were used for the TC-PR cathode
suspensions, as reported in previous reports, thus tending to
yield large surface areas for emission (large A values in the
Richardson equation) . Of course, conventional TC suspensions
could be ball-milled for very long times also to beneficial
ends. A related technique, in fact, at Microwave Electronics
Corporation was tried with excellent results a few years ago.
2. Conventional TC cathodes require heating to about 1050 0C for a
period of time for activation to occur. As pointed out earlier,
several significant things occur. We are concerned with four
of these:
a. Diffusion of the reducing impurity from the Ni to the
oxides.
b. Impurity reduction of the BaO.
C.	 Migration of free Ba over the surfaces of the o'Xide
particles.
d.	 Sublimation of Ba from the surface.
Private communication
All of these processes are temperature-dependent, although the quan-
titative relationships are unknown. Successful conversion of conventional
TC cathodes requires (a), (b), and (c), but not (d) which is undesirable.
Therefore, the time-i;mperature relation used in activating conventional
cathodes must be a compromise between the necessary processes, (n), (1);,
and (c), and the undesirable effect (d).
The TC-PR cathode does not require process (a) . Some of our TC-PR
cathodes were activated at temperatures much lower than normal, e.g.,
Soo 0C. This suggests that process (a) requires a higher temperature than
processes (b) or (c). Process (d), Ba sublimation, then can be slowed
down in the TC-PR cathodes by activating at lower temperatures than nor-
mal. Presumably this would yield more nearly a monolayer Ba coverage at
the cathode surface and higher A values.
The elimination of one temperature-dependent process relieves the
severity of the time-temperature compromise problem during activation.
3.	 The large quantity of organic material in the TC-PR cathodes
that volatilize contributes to the porosity of the coating,
thereby enhancing the effective emitting area of the cathode.
As to the TC cathode unintentionally contaminated with aluminum,
much m re work would be required before useful speculations could be
offered concerning any theoretical understanding of the performance.
Two statements can be made, however: :free Al reduces BaO at 1000 0C to
form Al-Ba alloys, and an Al-Ba eutectic occurs at 531 0C at 27.4 atomic
Al.d
E.	 Practical Applications
Low-temperature thermionic emitters have several apparent advantages
over their higher temperature counterparts. The following advantages are
considered with possible aerospace applications:
11	 Reduced heater power requirements: this characteristic is com-
patible with the need for battery or solar cell power sources
in space vehicles.
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2. prolonged life expectancy: the life expectancy of an oxide cath-
ode operating at 60000 should be two orders of magnitude greater
than that of a similar cathode operating at 800 0C. This feature
would be attractive for the instrumentation in deep space probes,
and to extend the operational life of surveillance satellites.
3. Lower noise operation in beam-type tubes; this would have appli-
cation in microwave tubes at both ends of the satellite-ground
communication link, particularly for low-noise travelling wave
tubes designed for receiver input stages,
Another area of application for low-temperature emitters was developed
concurrently with this program in an investigation sponsored by a commer-
cial client. This application concerns coplanar vacuum devices and cir-
cuits, or integrated vacuum circuits, and was described in Quarterly Re-
port No. 3. 5
 Integrated vacuum circuits would be of particular interest
to NASA because of a combination of unique characteristics:
1. The ability to operate at high ambient temperature (for
example, 6000C).
2. The ability to withstand the nuclear radiation levels to
which metal-ceramic vacuum tubes can be exposed.
3. Extreme physical and electrical. ruggedness.
4. A relatively high immunity to catastrophic failure in
severe electromagnetic environments.
Typical results obtained with a coplanar tride were included in the
third quarterly report and one such triode was delivered to NASA for
evaluation. A proposal to develop IVCs for aerospace applications as a
subsequent phase of this investigation was submitted to NASA in January
of this year.
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III	 THEORETX(AL CONSIDERATIONS AND
CORRELATIONS TO MEASURED RESULTS
Discussion of Results
This program was primarily an experimental investigation of the
thermionic emission properties of alkaline earth oxide electron emitters
at subnormal temperatures, i.e., below the usual operating temperatures
of about 10000K or about 7500C. The experiments were designed to yield
practical information of an engineering nature rather than basic scien-
tific information useful for theoretical studies. However, some of the
results are so remarkable, particularly the performance of the TC-PR
cathodes and the unintentiocxally contaminated. sprayed TC cathodes, that
it seems worthwhile to speculate to some extent concerning the reasons
for these outstanding performance characteristics.
To discuss these results intelligently, it is necessary to refer
to the activation and operation theory of oxide cathodes. Unfortunately,
there is no universally accepted or unequivocal theory available. So
many factors influence the activation and emission processes that a mul-
tiplicity of theories has been advanced over the years. The situation
is not entirely hopeless, however, inasmuch as all of the acceptable
theories fall into only two categories. One widely accepted category
of theories states that the activated oxides are n-type semiconductors
with no .surface states or band bending near the surface, as in Fig. 3.
The activation process (heating in vacuo at 1 10000C) is then one in
which the required donors are introduced into the lattice. (There are
many conflicting theories concerning the exact physicochemical nature
of these donor centers.)
This category of theory has very recently been challenged by Zalm
in an excellent and persuasive review article. 6 According to Zalm (and
this category of theory is actually quite old also), the activation of
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oxide cathodes consists in reduction of the BaO and surface migration of
the free barium over the surfaces of the oxide crystallites to form an
approximately monolayer coverage. In other words, this category of theory
is a .3ur:face doping theory rather than a bulk doping theory. Zal.m advances
semiquantitative arguments fcr the band model shown in Fig. 4. According
to this model, the Ba monolayer ionizes (at Least partially), yielding a
surface dipole and band bending near the surface as shown. An important
consequence of this model is that the electrical conductivity of oxide
emitter layers is a surface conductivity rather than a bulk conductivity
as in Fig. 3. The highest emission levels are believed to originate from
(SrO)Ba or (SrCaO)Ba crystallites at the surface, rather than (BaO)Ba
which is somewhat inferior.
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It is not absolutely necessary that we choose between these two cate-
gories of theories in order to duscuss our results. However, it is de-
sirable to do so to make the discussion more concrete. Inasmuch as Zalm's
theory specifies unambiguously the exact nature of the surface doping,
whereas the nature of the bulk doping is open to considerable doubt, we
shall choose Zalm's theory for our discussion.
For activation to occur, reduction of the BaO must take place. In
ordinary TC cathodes this reduction is effected through the agency of
reducing impurities in the base nickel. All of the cathodes investi-
gated during this program utilized standard CRT cathode nickel substrates
having such reducing impurities. Evidently, at the activation tempera-
tures, these impurities (one of the best of which is carbon) diffuse to
the nickel-oxide interface and possibly into the oxide layer, reducing
the Ba0 to free Ba and liberating CO and possibly CO 2 . The free barium
migrates over the surfacesF of the crystallites, causing activation.
Another phenomena that occurs during activation is a rapid sublima-
tion of BaO from the surface of the cathodes, leaving only the SrO or
SrCaO particles at the surface (which give higher emission than BaO).
Almost no sublimation of SrO or SrCaO takes place because these materials
have much lower vapor pressures than BaO.
Finally, sintering of the oxide particles takes place during activa-
tion, which contributes mechanical integrity to the coating.
In light of the foregoing, it is interesting to speculate on the
activation process and .related performance of TC-PR cattodes. First,
however, it should be pointed out that TC-PR cathodes have been fabri-
cated and tested on a separate program in which the base metal was not
cathode nickel and did not contain any reducing impurities. The results
obtained on 'these other cathodes were virtually identical to the results
obtained on this program using cathode nickel with reducing impurities.
Hence we make the following assumption; the reducing agent in the TC-PR
cathodes is the carbon in the laver itself remaining after the organic
photoresist has volatilized. This assumption is believed reasonable,
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particularly in view of the fact that the TC-PR cathodes turn black at
a few hundred degrees centigrade. (Ordinary TC cathodes contain 2 o 5n n	 t	 0,0
nitrocellulose binder, and the carbon residue in this case Causes 'a slight
darkening of the coating at a few hundred degrees centigrade.) We have
varied the TC-PR mixture from 1556 TC to 721,"o TC and obtained excellent
emission for all ratios. For only 15% TC, the cathodes remain gray even
after activation, becoming whito • as the amount of PR is reduced. At 712-76
TC, the cathodes are snow white after activation.
Apparently what happens is the following: after the carbonates are
converted to their oxides, the carbon residue from the PR reduces the
BaO in the usual fashion, yielding Tree Ba (for activation) and CO. Some
of the CO escapes the layer and is pumped out. Some CO may combine, how-
ever, with free oxygen before leaving the layer, yielding CO 2 , which is
subsequently pumped out. If too much carbon is present in the coating,
the cathodes become activated before all the carbon .1.s oxidized, as in
the 15% TC.
 cathodes. If too little C is present, incomplete activation
could presumably occur. There is probably an optimum TC/PR ratio. Our
results are insufficient to establish this optimum ratio..
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IV	 CONCLUSIONS AND RECOMMENDATIONS
As a result of the work described above, the following conclusions
and recommendations are offered
1. A repeatable process has been developed for the preparation of
low-temperature thermionic emitters which uses a mixture of
triple carbonates and KTFR photoresist. These cathodes can be
activated at 800 0C and will deliver a zero-field, temperature-
limited current density of 756 milliamperes per square centi"
meter at 60000. The activation appears to involve the reduc-
tion of BaO by carbon from the photoresist to produce free Ba.
More work should be done to optimize the carbon content in
this mixture.
2. It may be possible to dope a solution of triple carbonate with
aluminum so that the emission from cathodes sprayed with this
mixture will be an order of magnitude higher than conventional
.sprayed triple carbonate cathodes, Additional experiments
should be performed to learn more; about this process. TC-PR
cathodes doped with Al should also be investigated.
8.	 Evaporated BaO and sputtered triple carbonate cathodes do not
perform as well as conventionally sprayed cathodes. Although
the work functions of the sputtered cathodes are initially low,
they increase in value with time. Since cathode areas c q n be
accurately delineated with sputtered films, there may be value
in refining this process in connection with the development of
integrated vacuum circuits.
4.	 There does not appear to be any definite pattern in the changers
in the emission characteristics of eight test diodes. For the
most part the changes in A are positive, while the work func-
tions of the sputtered and evaporated cathodes increased and
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those of two TC-PR cathodes decreased. Further life testing
should generate additional data to more accurately confirm
these trends.
5. Of the numerous applications for low-temperature emitters, the
unique characteristics of integrated vacuum circuits are most
appealing. The results of this study can be effectively util-
ized in n program to develop IVCs for space applications.
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V	 APPENDIX A
The thormionic work function tp and the Richardson constant A in the
Richardson vquation-.
J = AT 2 exp.(-,D/kT)
where J is the current density and T is the absolute temperature, can be
calculated from a semilog plot of J/1r 2 versus I/T. This plot, commonly
called a Richardson plot, is made from Schottky data which provide zero-
field, temperature-limite' emission densities at various cathode tempera-
tures.
To facilitate the calculation of cp and A, a nomograph was constructed
which is reproduced here as Fig, 5. Complete instructions for the use of
this nomograph will be found in Quarterly Report No. 2.7
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